ABSTRACT: In Bahía de la Ascensión, Mexico, 'casitas' (large artificial shelters) are extensively used to harvest Caribbean spiny lobsters Panulirus argus. After the discovery of a pathogenic virus, Panulirus argus virus 1 (PaV1), in these lobsters, laboratory experiments revealed that PaV1 could be transmitted by contact and through water, and that lobsters avoided shelters harboring diseased conspecifics. To examine these issues in the context of casitas, which typically harbor multiple lobsters of all sizes, we examined the distribution and aggregation patterns of lobsters in the absence/presence of diseased conspecifics (i.e. visibly infected with PaV1) in 531 casitas distributed over 3 bay zones, 1 poorly vegetated ('Vigía Chico', average depth: 1.5 m) and 2 more extensively vegetated ('Punta Allen': 2.5 m; 'Los Cayos': 2.4 m). All zones had relatively high indices of predation risk. Using several statistical approaches, we found that distribution parameters of lobsters were generally not affected by the presence of diseased conspecifics in casitas. Interestingly, however, in the shallower and less vegetated zone (Vigía Chico), individual casitas harbored more lobsters and lobsters were actually more crowded in casitas containing diseased conspecifics, yet disease prevalence was the lowest in lobsters of all sizes. These results suggest that (1) investment in disease avoidance by lobsters is partially modulated by local habitat features, (2) contact transmission rates of PaV1 may be lower in nature than in the laboratory, and (3) water-borne transmission rates may be lower in shallow, poorly vegetated habitats more exposed to solar ultraviolet radiation, which can damage viral particles. 
INTRODUCTION
The spiny lobster Panulirus argus (Latreille, 1804) is a valuable fishing resource across the wider Caribbean region and accounts for approximately 50% of the world catch of spiny lobsters (Phillips & Melville-Smith 2006) . Around 2000, wild populations of P. argus began being affected by a pathogenic virus, Panulirus argus virus 1 (PaV1) (Shields & Behringer 2004) , which is currently widespread across the Caribbean (review in Behringer et al. 2011) . Lobsters visibly infected with PaV1 (i.e. diseased) exhibit a white, milky hemolymph that fails to clot and, occasionally, a reddish discoloration over the exoskeleton (Shields & Behringer 2004 , LozanoÁlvarez et al. 2008 . Highly infected lobsters become lethargic and eventually die from metabolic waste (Shields 2011) . To date, no other hosts or reservoirs Influence of local habitat features on disease avoidance by Caribbean spiny lobsters in a casita-enhanced bay for PaV1 have been identified (Butler et al. 2008 , Shields 2011 . Prevalence of PaV1 tends to decrease with increasing size of lobsters (Shields & Behringer 2004 , Behringer et al. 2011 , Cruz-Quintana et al. 2011 . The individuals most susceptible to PaV1 are the smaller juveniles, which are widely dispersed in the settlement habitat (marine vegetation) and are asocial. After a few months, the juveniles emerge from the vegetation to seek hard structures that afford them a more adequate refuge for their larger size. At this point, lobsters become social and tend to aggregate in shelters. Chemical cues released in the urine of sheltered lobsters attract other conspecifics seeking shelter (Ratchford & Eggleston 1998 , Horner et al. 2006 , thus reducing their time of exposure to predators (Childress & Herrn kind 2001) . Moreover, shelter-sharing individuals use their long, spiny antennae in concert to fend off approaching enemies ('group defense behavior'; Herrnkind et al. 2001) , thus increasing per capita survival. PaV1 can be transmitted by contact, by ingestion of infected tissues, and through water (Butler et al. 2008) . However, in the laboratory, lobsters were found to be able to detect and avoid shelters occupied by diseased conspecifics; similarly, in Florida Bay, most visibly infected lobsters were found alone (94% solitary) in individual shelters (mostly large sponges and solution holes) (Behringer et al. 2006 , Behringer & Butler 2010 . Thus, it has been proposed that avoidance of disease by potential lobster hosts may lower the prevalence of disease by reducing contact transmission rates of PaV1 (Behringer et al. 2006) .
However, investment in avoidance measures pays off for potential hosts only when the cost of avoidance is lower than the cost of infection (Thieltges & Poulin 2008) . Because predation is the most important cause of mortality for juvenile lobsters (Smith & Herrnkind 1992) , investment in avoidance of disease may depend to some extent on local extrinsic factors such as shelter availability, shelter size, and level of predation risk. For example, Lozano-Álvarez et al. (2008) recorded a high level of cohabitation between healthy and diseased lobsters in experimental casitas (large artificial shelters) deployed over a habitat poor in natural shelter. These authors hypothesized that, in the immediate absence of alternative shelters, lobsters would make a trade-off between the risk of infection (sharing a shelter with a diseased conspecific) and the risk of predation (foregoing that shelter and resuming the search for another shelter).
In Bahía de la Ascensión (Mexico), commercial casitas have been used to harvest Panulirus argus lobsters for more than 50 yr. This particular fishery has remained remarkably sustainable, mostly due to the organizational scheme devised by the local fishing cooperative (Briones-Fourzán et al. 2000 , Sosa-Cordero et al. 2008 . Briefly, the bottom of the bay is partitioned into individual fishing parcels ('campos') allotted to individual fishers, who are free to deploy as many casitas as they see fit within their campos but cannot fish in someone else's campos. Currently, there are ~18 600 casitas distributed over 108 campos, with distances between adjacent casitas ranging from 25 to > 50 m. Fishing regulations include a 4 mo closed season (March 1 to June 30), a prohibition on catching ovigerous females, and a minimum legal size of 135 mm tail (abdominal) length (~74 mm carapace length, CL). Commercial casitas are 1.5 to 2 m 2 in area and 10 to 15 cm in height because they target legal-sized lobsters. However, due to the highly gregarious nature of P. argus, commercial casitas usually harbor the full size range of lobsters, from small juveniles to adults (9−150 mm CL) (Lozano-Álvarez et al. 1991 , Candia-Zulbarán et al. 2012 .
Field experiments have shown that casitas do not merely concentrate the existing lobster biomass but actually increase lobster biomass by enhancing survival of the full size range of lobsters that co-occupy casitas (Eggleston et al. 1990 , Eggleston & Lipcius 1992 , Mintz et al. 1994 , Briones-Fourzán & LozanoÁlvarez 2001 , Briones-Fourzán et al. 2007 ). However, as PaV1 can be transmitted by contact, we began an investigation into the dynamics of the PaV1 disease in the population of Panulirus argus from Bahía de la Ascensión. Partial results showed that disease prevalence varied widely in space and time (Candia-Zulbarán et al. 2012) . In the present study, we examined whether the distribution and aggregation patterns of lobsters differed in the presence/absence of diseased conspecifics in casitas as well as the potential influence of local habitat features and levels of predation risk on these patterns and on local disease prevalence. We then formulated a hypothesis that could explain our findings and reconcile them with previous laboratory and field findings from elsewhere.
MATERIALS AND METHODS

Study area
Bahía de la Ascensión is a large (760 km 2 ), shallow bay (average depth: 3.5 m, maximum depth: 7 m) located on the Mexican Caribbean coast (Quintana Roo) (Fig. 1) . The bay is bordered by extensive wetlands, in particular mangrove forests, and several mangrove keys lie approximately at the bay center. The bay has relatively calm waters because an interrupted coral reef that runs parallel to the mouth of the bay reduces wave surge. Large expanses of the bay are covered by extensive meadows of mixed seagrasses (mainly Thalassia testudinum) and macroalgae, offering a good settlement habitat for postlarvae of Panulirus argus. In general, vegetation cover tends to decrease from the back-reef areas towards the innermost part of the bay, and from the margins to the center of the bay (Arellano-Méndez et al. 2011) . The only human settlement along the entire margin of the bay is a small fishing village (population ~600) (Fig. 1 ).
Sampling operations
We sampled hundreds of casitas from numerous 'campos' distributed over 3 large zones within the bay, called for convenience 'Punta Allen', 'Los Cayos', and 'Vigía Chico' (Fig. 1) . In Punta Allen and Vigía Chico, samplings were conducted during 2 Sampling operations were conducted by 2 teams in separate boats. Starting in different parts of a zone, each team sailed along transects roughly perpendicular to the nearest coast and surveyed all casitas encountered en route by skin-diving. All lobsters occupying a given casita were extracted with hand nets and carefully introduced into a large mesh bag. To minimize exposure of lobsters to air, the bag was kept under water, hanging from the side of the boat. One by one, the lobsters were extracted from the bag, measured (CL) with a vernier caliper (± 0.1 mm), inspected for visible signs of the PaV1 disease (milky hemolymph, visible through the transparent membrane between the cephalothorax and abdomen, and a reddish discoloration of the exoskeleton), and immediately returned to the casita.
We estimated prevalence based on visible (clinical) signs of PaV1-infection because this considerably reduces handling stress for lobsters, and it is the visibly infected lobsters which mostly elicit avoidance behavior (Behringer et al. 2006 , Behringer & Butler 2010 . However, as clinical prevalence does not account for subclinically infected individuals (i.e. lobsters that are infected but not diseased), we hereafter refer to visibly infected lobsters as 'diseased lobsters' and to non-visibly infected lobsters as 'nondiseased lobsters'.
Habitat features and predation risk
We used a hand-held digital sonar to measure the depth (± 5 cm) at which individual casitas were situated and recorded the type of bottom ('Hard': calcareous pavement, coral rubble; 'Soft': sand, mud) surrounding each casita to the extent of underwater visibility. We further categorized hard and soft bottoms into 4 general subtypes based on qualitative features ('bare': no vegetation; 'sparsely vegetated': small patches of short sea grasses and/or algae, substrate clearly visible through vegetation; 'moderately vegetated': large patches of sea grasses/algae, substrate partially visible through vegetation; 'densely vegetated': extensive meadows of sea grasses/algae, tall sea grass, substrate not visible through vegetation).
We also recorded the number of potential lobster predators observed in and around each casita. Only (Randall 1967 , Eggleston et al. 1990 , Smith & Herrnkind 1992 , Mintz et al. 1994 , Arce et al. 1997 , Sosa-Cordero et al. 1998 , Weiss et al. 2006 . Although purplemouth morays Gymnothorax vicinus and spotted morays,G. moringa were quite abundant in casitas, these morays were not considered as predators because they do not tend to consume P. argus lobsters (Lozano-Álvarez & Spanier 1997 , LozanoÁlvarez et al. 2010 . Also abundant in casitas were juvenile grunts (Haemulidae) that were too small to consume lobsters (Mintz et al. 1994 ).
Statistical analyses
Habitat features and predation risk
We compared the mean depth of casitas between zones with a 1-way ANOVA and computed the percentages of casitas in each zone that were situated on each type and subtype of bottom. For each zone, we computed 2 'predator indices'. Predator index 1 was computed as the total number of predators over the total number of casitas (Mintz et al. 1994) . Predator index 2 was computed as the ratio of casitas having predators to the total number of casitas (Sosa-Cordero et al. 1998) . We then compared each predator index between zones with a χ 2 test for proportions, followed by a multiple comparison test for angular-transformed proportions (α = 0.05) (Zar 1999) .
Disease prevalence in lobsters
We used 1-way ANOVAs followed by post hoc Tukey's HSD tests for unequal sample sizes (α = 0.05) to test the effect of zone on (1) the mean size of all casita-dwelling lobsters and (2) the mean size of diseased lobsters only. We used logistic regression analyses to test the effects of size (continuous covariate) and zone (categorical factor) on the probability of finding diseased individuals over the full size range of lobsters. However, given the different size composition of lobsters in each zone (see 'Results'), we also tested the effects of size and zone on the probability of finding diseased individuals within each of the 4 size-related 'benthic phases' of Panulirus argus: small juveniles (≤30 mm CL), large juveniles (30.1−50 mm CL), subadults (50.1−80 mm CL), and adults (> 80 mm CL). In all cases, 95% confidence intervals for prevalence were computed using the score method with continuity correction (Newcombe 1998).
Casita occupancy patterns as related to level of disease prevalence
Disease prevalence in different sampling seasons varied from 0 to 2.9% in Vigía Chico, from 5.3 to 7.3% in Los Cayos, and from 5.5 to 11.1% in Punta Allen (see Candia-Zulbarán et al. 2012) . To examine casita occupancy patterns as related to these levels of disease prevalence, we categorized the casitas sampled at each zone and season into 4 groups: Group 0 (empty), Group ND (occupied exclusively by nondiseased lobsters), Group D (occupied exclusively by diseased lobsters), and Group ND+D (co-occupied by non-diseased and diseased lobsters). We then separately tested for a correlation between the level of disease prevalence and the corresponding percentages of each group of casitas with Pearson correlation analyses. We expected the percentages of Group ND to decrease with increasing levels of disease prevalence. However, if more non-diseased lobsters were opting to avoid sharing casitas than to share casitas with diseased conspecifics, then the percentages of Group D should increase more steeply with level of disease prevalence than the percentages of Group ND+D. But if more non-diseased lobsters were opting to share than to avoid sharing casitas with diseased conspecifics, then Group ND+D should increase more steeply with level of disease prevalence than Group D.
Distribution of lobsters among casitas in the presence/absence of diseased conspecifics Even if cohabitation between non-diseased and diseased lobsters was relatively high, lobsters might still exhibit different patterns of distribution and aggregation in the presence versus absence of diseased conspecifics in casitas. To examine this issue, we used 2 different statistical approaches based on the negative binomial distribution (NegBD) of the count frequency of lobsters in casitas: a model selection approach (White & Eberhardt 1980 , White & Bennets 1996 , and Lloyd's indices of 'mean crowding' and 'patchiness' (Lloyd 1967) . For these purposes, we recategorized the casitas from each zone into 2 samples: those occupied exclusively by nondiseased lobsters ('ND casitas') and those co-occupied by non-diseased and diseased lobsters ('ND+D casitas'), with the following modifications: for the ND+D casita sample, the frequency of casitas with 1 lobster was the number of casitas containing 1 diseased lobster (as opposed to the frequency of casitas with 1 non-diseased lobster for the ND casita sample). Also, as there were only so many empty casitas on a given zone, the frequency of casitas with 0 lobsters was the same for both casita samples.
We separately fitted the NegBD to the count frequency of lobsters in the ND casitas and in the ND+D casitas from each zone using a maximum likelihood procedure (Bliss & Fisher 1953 ). The NegBD is described by 2 parameters: m, the arithmetic mean (i.e. the mean density of lobsters per casita) and k, a dispersion parameter (Fisher 1941) . Parameter k allows the NegBD flexibility to handle a wide variety of spatial patterns of organisms because as k → ∞, the distribution approaches a Poisson (random) distribution and the data can be modeled as a Poisson process, whereas as k → 0, the distribution becomes more clumped and the data can be modeled with overdispersion (Anscombe 1950 , Bliss & Fisher 1953 , White & Bennets 1996 .
Model selection. Model selection is an analytical approach based on information theory that uses a likelihood ratio testing framework to contrast a set of competing models (representing multiple working hypotheses) for a given set of samples (Burnham & Anderson 2002) . White & Eberhardt (1980) developed a set of 4 models to contrast parameters of the NegBD for a set of samples v. The general (most parameterized) model, {k v , m v }, predicts that all samples differ in m and k. Then, 3 models with fewer parameters are compared with the general model. These models are {k, m v }: samples have a common k but different m; {k v , m}: samples have a different k but a common m, and {k, m}: samples have a common k and a common m (the reduced model). This set of models has proved useful to compare the NegBD for a set of samples over time (e.g. White & Eberhardt 1980 or among habitats (e.g. White & Bennets 1996 , Kinlaw 2006 . The best approximating model would be that with the lowest Akaike information criterion corrected for sample size (AICc, see Burnham & Anderson 2002) , but other criteria associated with the AICc provide better measures of the strength of evidence for each model. These criteria are the delta AICc (Δ i ), the Akaike weight (w i ), the relative likelihood of each model (l i ) and the evidence ratios. Δ i is the AICc of a given model minus the AICc of the best model (whose Δ i is set to zero), whereas w i represents the ratio of the Δ i of a given model relative to the whole set of models (the w i from all models sum to 1) and thus represents the probability of each model given the data. The l i for each model is computed as e -(Δ i /2) . Evidence ratios are computed as the ratios of either w i or l i for any 2 models (Burnham et al. 2011) . Values of w i also provide a basis for model averaging, a procedure that allows the entire set of models to be used to compute a weighted average for each parameter and its corresponding unconditional variance. Because model averaging incorporates model uncertainty, it allows for multi-model inference, in particular when more than 1 model can explain the data well (Burnham & Anderson 2002 , Johnson & Omland 2004 , Hobbs & Hillborn 2006 .
We used the software EcoMeth 6.1 (Kenney & Krebs 2002) , which includes a modification of the computer program originally developed by White & Bennets (1996) , to contrast the set of 4 models for our set of 2 casita samples (ND and ND+D) from each zone. The output data from this software includes, for each model, the maximum likelihood, the AIC, a test for goodness of fit to the NegBD, and the corresponding estimates of m and k with their respective variances. Using these data, we computed the AICc, Δ i , (Lloyd 1967) for the 2 casita samples from each zone. Mean crowding, estimated as m* = m + (m/k), is the mean number per individual of other individuals in the same casita and has the important property of not being affected by empty sampling units (Lloyd 1967 , Bez 2000 . However, patchiness (the ratio of mean crowding to mean density) is a more useful measure of aggregation because it measures how many times as crowded an individual is, on average, as it would be if the same population had a random (Poisson) distribution. Patchiness is estimated as m*/m = 1 + (1/k), where 1/k is that proportion by which mean crowding exceeds mean density, thus providing a meaningful ecological interpretation to parameter k (Lloyd 1967 ) because values of patchiness equal to 1 are representative of Poisson distributions and values of patchiness larger than 1 are representative of over-dispersed distributions (Hurlbert 1990 , Bez 2000 . Standard errors for mean crowding and patchiness were estimated with the equations provided by Lloyd (1967) and used to construct 95% confidence intervals.
RESULTS
Lobster samples and disease prevalence
In total, we sampled 531 casitas (234 in Punta Allen, 138 in Los Cayos, and 159 in Vigía Chico) yielding a total sample of 4849 lobsters (size range: 9.5−115.2 mm CL). The mean size of all lobsters differed significantly with zone (1-way ANOVA: F 2, 4845 = 115.909, p < 0.001), increasing from Punta Allen to Los Cayos to Vigía Chico (Table 1) . However, the mean size of diseased lobsters (size range: 12.9−72.0 mm CL, n = 247) did not differ significantly with zone (F 1, 244 = 1.427, p = 0.242) (Table 1) , with an average value of 39.4 ± 11.4 (mean ± SD).
Overall disease prevalence ranged from 1.5% in Vigía Chico to 8.4% in Punta Allen (Table 1) . Thus, across the full size range of lobsters, the probability of finding diseased lobsters de creased with increasing lobster size and differed significantly with zone (Table 2) . Relative to Los Cayos (reference zone), the probability of finding diseased lobsters was significantly lower in Vigía Chico (odds ratio: 0.41) and higher in Punta Allen (odds ratio: 1.59) ( Table 2) . Large juveniles and sub-adults were the most abundant occupants of casitas followed by small juveniles and adults, but the 4 benthic phases occurred in different proportions at each zone (Fig. 2a) . Because we found no visibly diseased adults in any zone (Fig. 2b) , we only tested the effects of size and zone on the probability of finding diseased individuals within each of the other 3 benthic phases. Neither effect was significant for small juveniles (Table 2 ), but we suspect that the nonsignificant effect of zone was due to the limited samples of small ju veniles from Los Cayos and Vigía Chico, which resulted in very wide confidence intervals (Fig. 2b) . By contrast, for large juveniles and sub-adults, the probability of finding diseased individuals decreased with in creasing size of lobsters and, relative to Los Cayos, was significantly lower in Vigía Chico (odds ratios: 0.42 and 0.27, respectively) and higher in Punta Allen (odd ratios: 1.76 and 2.25, re spectively) (Table 2, Fig. 2b ). 
Habitat features and predation risk
The mean (± 95% CI) depth at which casitas were situated differed significantly with zone (F 2, 525 = 64.582, p < 0.001), being much shallower in Vigía Chico (1.5 ± 0.14 m; range: 0.8− 2.4 m) than in Punta Allen (2.5 ± 0.15 m; range: 0.9− 5.5 m) and Los Cayos (2.4 ± 0.17 m; range: 0.8−4.2 m). In Punta Allen, 93% casitas were situated on soft bottoms, mostly densely (40.3%) or moderately vegetated (35.2%) (Fig. 3) . In Los Cayos, 96% casitas were situated on soft bottoms, mostly moderately (57.3%) and densely vegetated (23.4%) (Fig. 3) . In Vigía Chico, by contrast, 64% casitas were situated on bare or sparsely vegetated hard bottoms, 30% on bare or sparsely vegetated soft bottoms, and only 6% on moderately or densely vegetated soft bottoms (Fig. 3) . The predator guild was similar in all zones (Table 3) , but the 2 predator indices differed significantly with zone (predator index 1: χ 2 = 115.696, df = 2, p < 0.001; predator index 2: χ 2 = 44.376, df = 2, p < 0.001). Predator index 1 was significantly higher in Los Cayos than in Punta Allen and Vigía Chico (Table 3) , whereas predator index 2 showed a significant decreasing trend from Los Cayos to Punta Allen to Vigía Chico (Table 3) . (Fig. 4) . However, Group ND+D in creased more steeply with disease prevalence than Group D (Fig. 4) , indicating that, with higher levels of disease prevalence, many more non-diseased lobsters opted to share than to not share ca si tas with diseased conspecifics. In general, most casitas harbored exclusively nondiseased lobsters, many were co-occupied by non-diseased + diseased lobsters, few were empty, and even less harbored exclusively diseased lobsters (Table 4) . However, the percentages of the 4 groups of casitas differed significantly between the 3 zones (χ 2 = 49.448, df = 6, p < 0.001), but not between Punta Allen and Los Cayos (χ 2 = 1.654, df = 3, p = 0.647) ( Table 4 ). All 3 zones had similar percentages of empty casitas, but Vigía Chico had proportionally more casitas with non-diseased lobsters and less casitas with diseased lobsters and with non-diseased + diseased lobsters than Punta Allen and Los Cayos (Table 4) . Of the 31 casitas occupied by diseased lobsters, 22 harbored a single individual, 7 harbored 2 individuals, and 2 harbored 3 individuals. Of the total 247 diseased lobsters, 16.7% were not cohabiting with non-diseased conspecifics. However, solitary occupation of casitas was observed for 8.9% of all diseased lobsters compared to 1.1% of all non-diseased lobsters.
Casita occupancy patterns as related to disease prevalence
Distribution of lobsters among casitas in the presence/absence of diseased conspecifics
The distribution of lobsters among ND and ND+D casitas in each zone is shown in Fig. 5 . In all cases the NegBD fitted the data well (range in p-values: 0.203− 0.930), although the frequency of both ND and ND+D casitas with > 30 lobsters was higher in Vigía Chico (Fig. 5c ) than in Punta Allen and Los Cayos (Fig. 5a,b) . In ND+D casitas, the range in number of non-diseased lobsters was 1−42 in Punta Allen (median, interquartile range: 5, 2-9), 1−38 in Los Cayos (4, 2-11), and 1−75 in Vigía Chico (7, 2.5-24), whereas the range in number of diseased lobsters Table 4 . The trend lines are only indicative was 1−7 in Punta Allen (1, 1-2) and 1−4 in both Los Cayos (1, 1-1) and Vigía Chico (1, 1-1.5). Therefore, most ND+D casitas contained only 1 or 2 diseased lobsters. However, 1 casita in Punta Allen contained 7 diseased + 10 non-diseased lobsters and another contained 4 diseased + 19 non-diseased lobsters, while in Vigía Chico 1 casita harbored 4 diseased + 5 non-diseased lobsters.
Model selection and averaging
At least 2 models (not necessarily the same) explained the data from each zone well (Table 5 ), indicating substantial model uncertainty (quantified by the model probabilities); therefore, we proceeded with model averaging. For Punta Allen and Los Cayos, the weighted average values of m (Fig. 6a) and k (Fig. 6b) did not differ meaningfully between ND and ND+D casitas. For Vigía Chico, by contrast, the average values of m were similar between ND and ND+D casitas (Fig. 6a) , but the average value of k was substantially lower (reflecting a more clumped distribution) for ND+D casitas than for ND casitas (Fig. 6b ).
Lloyd's mean crowding and patchiness Mean crowding of lobsters was similar for ND and ND+D casitas in Punta Allen and also in Los Cayos, indicating that, in these zones, there were between 14.4 and 18.3 lobsters per individual lobster per casita irre spective of the presence of diseased conspecifics (Fig. 7a) . In Vigía Chico, by contrast, there were 27.3 and 44.4 lobsters per individual lobster in ND and ND+D casitas, respectively, but with a wide confidence interval for the latter value (Fig. 7a) . Patchiness was virtually identical for ND casitas and for ND+D casitas in Punta Allen (2.2 in both cases) as well as in Los Cayos (2.6 in both cases) (Fig. 7b) , indicating that, irrespective of the presence of diseased conspecifics in casitas, lobsters in these zones were 2 to 3 times as crowded as they would be if they had been randomly distributed among casitas. In Vigía Chico, by contrast, patchiness differed considerably between ND casitas (2.2) and ND+D casitas (4.6) and Table 5 . Panulirus argus. Results of model selection contrasting a set of 4 models (based on parameters of the negative binomial distribution) for a set of 2 casita samples v (casitas occupied exclusively by non-diseased lobsters and casitas co-occupied by non-diseased and diseased lobsters) from each bay zone (Δ i : delta AICc; w i : Akaike weight; l i : model likelihood; evidence ratio: the ratio of the l i of the best model to the l i of each of the other models) Fig. 5 . Panulirus argus. Distribution of lobsters among casitas occupied exclusively by non-diseased lobsters (ND casitas) and among casitas co-occupied by non-diseased and diseased lobsters (ND+D casitas) in (a) Punta Allen, (b) Los Cayos, and (c) Vigía Chico the confidence intervals for these values did not overlap (Fig. 7b) , indicating that, in this zone, lobsters were actually more crowded in casitas where diseased conspecifics were present. Indeed, the casita with the most lobsters was a casita from Vigía Chico harboring 75 non-diseased lobsters (size range 12.8−89.0 mm CL) and 2 diseased lobsters (33.5 and 57.3 mm CL). In no case did the confidence interval for mean patchiness include 1 (Fig. 7b) , indicating a rather clumped distribution of lobsters in casitas consistent with the gregarious nature of Panulirus argus.
DISCUSSION
The present study strongly suggests that, in the casita-enhanced system of Bahía de la Ascensión, avoidance of lobsters with the PaV1 disease by nondiseased conspecifics is weak at best. That there is some level of disease avoidance is indicated by the solitary occupation of casitas by 8.9% of all diseased lobsters (compared to 1.1% of all non-diseased lobsters) and by the increase in the percentages of casitas harboring exclusively diseased lobsters with increasing levels of disease prevalence. However, the percentages of casitas co-occupied by nondiseased and diseased lobsters increased more steeply with increasing disease prevalence despite the presence of empty casitas in all zones at all sampling seasons. Moreover, in Punta Allen and Los Cayos the distribution and aggregation patterns of lobsters were not affected by the presence of diseased conspecifics in casitas, whereas, in Vigía Chico, lobsters were actually more crowded in casitas where diseased conspecifics were present. Despite differences in the overall mean size of lob- Lloyd's indices of (a) mean crowding and (b) patchiness for lobsters distributed among casitas occupied exclusively by non-diseased lobsters (ND casitas) and among casitas co-occupied by non-diseased and diseased lobsters (ND+D casitas) at each bay zone. Numbers on graph are means and error bars are 95% confidence intervals sters and level of disease prevalence between zones, the mean size of diseased lobsters was similar in all 3 zones but the level of disease prevalence was lower in lobsters of all benthic phases in Vigía Chico.
Habitat features may underlie weak disease avoidance by lobsters in Bahía de la Ascensión
Our results suggest that, in Bahía de la Ascensión, lobsters strongly depend on casitas for survival and that, in general, investment in disease avoidance does not necessarily pay off for non-diseased lobsters. This may result from an interaction between predation risk and availability of alternative shelters: if the former is high and the latter is low, lobsters may rather cohabit with diseased conspecifics than increase their time of exposure to predators by seeking another shelter . In laboratory experiments, non-diseased lobsters significantly avoided shelters harboring a diseased conspecific both in the absence (Behringer et al. 2006 ) and the presence of predation risk (a caged octopus) (Behringer & Butler 2010) . In these experiments, how ever, non-diseased lobsters were offered a choice between the shelter containing the diseased conspecific and an identical, readily accessible empty shelter. In Bahía de la Ascensión, by contrast, many lobsters may not have this choice. In Vigía Chico, in particular, there were virtually no structures other than casitas that could provide refuge to lobsters. This was also the general case for the vegetated areas within Punta Allen and Los Cayos, although in these zones some natural shelters (e.g. small isolated coral heads and rocks) occurred in areas nearer to the coral reef habitat. Yet, where casitas are available, lobsters tend to forgo small shelters in favor of casitas (Lozano-Álvarez et al. 2009 ) because the large refuge area provided by casitas increases the potential for gregariousness and hence the benefit of group defense (Eggleston & Lipcius 1992 , Mintz et al. 1994 , Briones-Fourzán et al. 2007 . Similarly, in habitats where unusually large natural crevices occur, these crevices typically contain the majority of lobsters (Butler & Herrnkind 1997) .
In experimental casitas deployed on several sites in Florida Bay (Mintz et al. 1994 ) and the Bahamas (Eggleston et al. 1997) , lobster survival was positively correlated with abundance of lobsters in casitas and negatively correlated with abundance of predators in casitas (our predator index 1). In our 3 bay zones, the predator indices that we estimated were within the upper range of those estimated by Mintz et al. (1994, predator index 1) and Sosa-Cordero et al. (1998, predator index 2) , suggesting a relatively high risk of predation for lobsters in Bahía de la Ascensión. However, although Los Cayos exhibited the highest predator indices, Vigía Chico exhibited the highest density of lobsters per casita suggesting that, in addition to predation risk, other habitat features may underlie the weak disease avoidance by lobsters in Bahía de la Ascensión.
Our gross assessment of habitat features was based on qualitative observations but generally agrees with the landscape and local distribution of benthic habitats across the bay (Arellano-Méndez et al. 2011) . Thus, at Punta Allen and Los Cayos, most casitas were situated on moderately to densely vegetated habitats at an average depth of 2.5 m, whereas, at Vigía Chico, most casitas were situated on bare (whitish calcareous pavement, occasionally with a thin layer of fine sediment) or sparsely vegetated bottoms at an average depth of 1.5 m. Spiny lobsters prefer dark shelters (Spanier & Zimmer-Faust 1988 , Gristina et al. 2009 ) because they are quite sensitive to intense sunlight (Meyer-Rochow 1994) , and the low-lying casitas -which are also called 'sombras' (i.e. 'shades') for good reason -considerably reduce sunlight due to their flat shape and large area/height ratio. For example, at 12:00 h, the amount of light reaching the inner center of casitas deployed in exposed seawater tanks (1 m in depth) was 1.25% of the surface irridiance, and 4.7% of the irridiance at the unshaded tank floor (Lozano-Álvarez & BrionesFourzán 2001) .
However, in sea grass habitats, the amount of sunlight reaching the bottom decreases with increasing depth and canopy morphology (i.e. leaf area, leaf biomass, and shoot density) (Enríquez & PantojaReyes 2005) , and hence even modest increases in plant biomass greatly increase protection from visual predators to large juvenile lobsters (Lipcius et al. 1998) . Therefore, the extensive presence of vegetation in Punta Allen and Los Cayos probably enhances the protection against predators and intense sunlight afforded to lobsters by casitas. In contrast, casitas probably afford the only protection against both predators and intense sunlight to lobsters on the far less vegetated (and shallower) bottoms of Vigía Chico. In the latter circumstances, investment in disease avoidance may be more costly for lobsters, potentially explaining why lobsters in Vigía Chico tended to be more crowded irrespective of the presence of diseased conspecifics in casitas.
Sunlight/UV exposure may reduce disease prevalence in Vigía Chico
In the laboratory, the rate of contact transmission of PaV1 was found to be 5 times as high as the rate of water-borne transmission (Butler et al. 2008 ). Yet, in our study, the lowest levels of clinical prevalence of PaV1 in all sampling seasons and in all lobster benthic phases occurred in Vigía Chico, where the highest density of lobsters per casita and the highest measures of aggregation in ND+D casitas also occurred. Furthermore, PCR assays to detect PaV1 DNA in lobsters from Bahía de la Ascensión also indicate that the true prevalence of PaV1 (subclinical + clinical) is also significantly lower in all benthic phases of lobsters at Vigía Chico than at Punta Allen (J.-P. Huchin-Mian et al. unpubl. data) . Together, these findings suggest that contact transmission rates of PaV1 may not be as high in nature as in the laboratory.
The persistence of PaV1 particles in sea water remains to be determined, but other viruses that infect aquatic invertebrates remain infective after several days in the water (e.g. white spot syndrome virus: Hossain et al. 2004 ; invertebrate iridescent virus 6 [IIV-6]: Hernández et al. 2005 ; yellow head virus: Ma et al. 2009 ). Viruses are prone to damage by solar ultraviolet radiation (UVR) (e.g. Wilhelm et al. 2003 , Häder et al. 2007 ) but, at least in terrestrial ecosystems, the persistence of pathogenic viruses can be greatly influenced by the architecture of plants (via the degree of shading) in conjunction with habitat exposure to UVR (Duffey et al. 1995 , Raymond et al. 2005 , Cory & Hoover 2006 . Marine flora can act as a reservoir for pathogenic bacteria and fungi (Fuller et al. 1964 , Mahmud et al. 2007 , Small & Pagenkopp 2011 and could also be a reservoir for pathogenic viruses. For example, Hernández et al. (2005) found that particles of IIV-6 in water underwent a more rapid loss of activity under direct sunlight (99.99% reduction of original activity over a period of 36 h) than in the shade (97% reduction over a period of 60 h). If PaV1 particles are transmitted through water in nature, then their persistence might also be influenced by habitat exposure to UVR and the degree of shading provided by the local marine vegetation.
This notion, which remains to be tested, could partially explain the lower levels of prevalence of the PaV1 disease in all benthic phases of Panulirus argus occupying casitas over the shallower and less vegetated habitats of Vigía Chico, relative to the deeper and more vegetated habitats in Punta Allen and Los 
